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High-spin band structures in odd-proton 103,105Rh are investigated using the microscopic triaxial 
projected shell model approach. It is demonstrated that the observed band structures built on one- and 
three-quasiparticle states are reproduced reasonably well in the present work. Further, it is evident from 
the analysis of the projected wavefunctions that side-band in the low-spin regime is the normal γ -band 
built on the ground-state conﬁguration. However, in the high-spin regime, the side band is shown to 
be highly mixed and ceases to be a γ -band. We provide a complete set of electromagnetic transition 
probabilities for the two bands and the experimental measurements are desirable to test the predictions 
of the present work.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.Recently, high-spin band structures in mass ∼100 and 130 re-
gions have been investigated quite vigorously due to observation 
of doublet band structures, possibly originating from breaking of 
the chiral symmetry in the intrinsic frame of reference [1–3]. 
A systematic study of the experimental features of I = 1 dou-
blet bands and their interpretation has been reviewed in Ref. [4]. 
Earlier studies reported the observation of doublet band struc-
tures in several odd–odd nuclei in the two mass regions that are 
based on two-quasiparticle excitations [5–13]. It has been demon-
strated using phenomenological approaches that for the doublet 
band structures to arise from the restoration of chiral symmetry 
breaking mechanism, two experimental criteria must be fulﬁlled. 
First, the observation of two nearly degenerate I = 1 bands and 
second the two bands having identical electromagnetic properties, 
i.e., similar B(M1) and B(E2) values for in-band and inter-band 
transitions. Lifetime measurements of doublet band structures in 
several nuclei revealed that the second criterion is not fulﬁlled by 
many nuclei and the interpretation of these bands as chiral part-
ners is erroneous [14–16]. In particular, for the doublet bands in 
134Pr that exhibit the best overall energy degeneracy, lifetime mea-
surements revealed that B(M1) values are, although, similar but 
B(E2) values of the main band are a factor of 2–3 larger than 
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SCOAP3.that of the partner band and, therefore, the two bands cannot arise 
from the chiral symmetry breaking [17,18].
Chiral band structures have also been proposed for odd-mass 
nuclei with three quasiparticle conﬁgurations [19]. In 135Nd, the 
observed nearly degenerate I = 1 bands built on the conﬁg-
uration πh211/2 × νh−111/2 have been conﬁrmed as chiral partners 
through extensive lifetime measurements [20]. In mass ∼ 105 re-
gion, the doublet bands observed in 103,105Rh isotopes that are 
built on π g9/2 × νh211/2 are also being proposed as resulting from 
the chiral symmetry [21,22]. In the absence of the lifetime mea-
surements, the interpretation of observed doublet bands in these 
nuclei as chiral partners needs to be substantiated by theoretical 
models.
The purpose of the present work is to investigate the observed 
band structures and, in particular, the proposed chiral nature of 
the bands at high-spin in 103,105Rh isotopes using the triaxial pro-
jected shell model (TPSM) approach [23]. This model provides a 
uniﬁed description of rotational and γ -vibrational bands in transi-
tional nuclei. In this model, the explicit three-dimensional angular-
momentum projection is performed from triaxial intrinsic Nilsson 
state. The triaxial conﬁguration is an admixture of different-K
(projection along symmetry axis) states and the vacuum conﬁgura-
tion is composed of K = 0, 2, 4, ... states for an even–even system 
[24,25]. The projection from K = 0, 2 and 4 states corresponds to 
the ground, γ and γ γ bands, respectively. TPSM model has been 
used to investigate a long-standing puzzle of the observation of  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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in the mass ∼130 region [26].
More recently, TPSM approach has been generalized to study 
the γ -vibrational band structures in odd-mass nuclei. It has been 
demonstrated that TPSM provides an excellent description of the 
rotational bands observed in 103Nb [27]. In particular, TPSM study 
provided a theoretical support for the ﬁrst observation of γ γ -band 
in an odd-mass nucleus. For the study of odd-proton system, TPSM 
model space is spanned by (angular-momentum-projected) one-
and three-qp basis, i.e.,
{
Pˆ IMKa
†
p|Φ〉, Pˆ IMKa†pa†n1a†n2|Φ〉
}
, (1)
where the projection operator is given by [28]
Pˆ IMK =
2I + 1
8π2
∫
dΩ DIMK (Ω)Rˆ(Ω), (2)
and |Φ〉 represents the triaxially-deformed qp vacuum state. The 
qp basis chosen in (1) includes the conﬁgurations of two-neutron 
quasiparticle states built on the one-quasiproton states. The basis, 
with one- and three-qp conﬁgurations included, has proven ade-
quate to describe the high-spin states in odd-mass systems and 
the rotation alignment process [29]. For odd-proton nuclei in this 
mass region, it is known [30] that the aligning neutrons are from 
the h11/2 orbital which is included in the calculation (see below). 
It should be noted that in the present case of triaxial deforma-
tion, any qp-state is a superposition of all possible K -values. The 
rotational bands with the triaxial basis states (1) are obtained by 
specifying different values for the K -quantum number in the pro-
jection operator, Eq. (2).
As in the earlier PSM calculations, we use the quadrupole–
quadrupole plus pairing Hamiltonian [31]
Hˆ = Hˆ0 − 1
2
χ
∑
μ
Qˆ †μ Qˆμ − GM Pˆ † Pˆ − GQ
∑
μ
Pˆ †μ Pˆμ. (3)
The corresponding triaxial Nilsson mean-ﬁeld Hamiltonian is given 
by
HˆN = Hˆ0 − 2
3
h¯ω
{
β cosγ Qˆ 0 + β sinγ Qˆ+2 + Qˆ−2√
2
}
, (4)
where β and γ specify the axial and triaxial deformations, respec-
tively. In the above equations, Hˆ0 is the spherical single-particle 
Hamiltonian, which contains a proper spin-orbit force. The in-
teraction strengths are taken as follows: The Q Q -force strength 
χ in Eq. (3) is adjusted such that the physical quadrupole de-
formation β is obtained as a result of the self-consistent mean-
ﬁeld calculation [31]. The monopole pairing strength GM is of the 
standard form: GM = [20.25 ∓ 16.20(N − Z)/A]/A, with “−” for 
neutrons and “+” for protons. This choice of GM is appropriate 
for the single-particle space employed in the present calculation, 
where three major oscillation shells are used for each type of 
nucleons (N = 3, 4, 5 for neutrons and N = 2, 3, 4 for protons). 
The quadrupole pairing strength GQ is assumed to be propor-
tional to GM , the proportionality constant being ﬁxed as usual to 
be 0.16 [31]. These interaction strengths, although not exactly the 
same, are consistent with those used earlier in the PSM calcula-
tions.
The TPSM calculations proceed in several stages. In the ﬁrst 
stage, the deformed basis are constructed from the solutions of 
the triaxially deformed Nilsson potential. The potential is solved 
for each nucleus with the axial and triaxial deformation parame-
ters of β and γ . The axial parameter β is normally chosen from 
the measured quadrupole moment of the system, wherever avail-
able, or the tabulated values using the phenomenological poten-
tials [32,33,22]. The value of γ is ascertained from the minimum Table 1
Axial and triaxial quadrupole deformation parameters β and 
γ employed in the TPSM calculation for 103,105Rh isotopes.
β γ
103Rh 0.274 28
105Rh 0.236 33
Fig. 1. (Color online.) The angular-momentum projected bands obtained for different 
intrinsic K -conﬁguration, given in legend box, for 103–105Rh isotopes. The energies 
of the quasiparticle states are given in the parenthesis.
of the potential energy surface (PES) of the nucleus. For some nu-
clei, PES does not depict a proper minimum and the value of γ
which reproduces the γ -band head energy is adopted. The adopted 
deformation values for the two nuclei studied in the present work 
are given in Table 1. In the second stage, BCS equation is solved 
for the monopole pairing interaction with the standard parameters 
mentioned before.
In the next step, good angular-momentum basis are pro-
jected out from the Nilsson + BCS states using the explicit three-
dimensional angular-momentum projection operator. The projected 
bands, obtained from the lowest quasiparticle conﬁgurations, are 
depicted in Fig. 1 for 103Rh and 105Rh. The ground-state band 
is built on one-quasiparticle conﬁguration with K = 7/2. There 
are two possible conﬁgurations for Kγ with Kγ = K + 2 and 
Kγ = K − 2. Both these γ -bands are seen in Fig. 1 with K = 11/2
band favored as compared to the K = 3/2 band. γ γ -band with 
K = 15/2 is also displayed in Fig. 1 and it is noted that excitation 
energy of this band is lower in 105Rh as compared to that of 103Rh. 
It is further evident from Fig. 1 that two bands with K = 5/2 and 
9/2 resulting from the projection of three-quasiparticle conﬁgu-
ration with energies of 3.83 MeV and 3.93 in 103Rh and 105Rh, 
220 G.H. Bhat et al. / Physics Letters B 738 (2014) 218–222Fig. 2. (Color online.) Comparison of the measured energy levels of positive parity yrast and ﬁrst excited band for 103,105Rh nuclei with the results of TPSM calculation. The 
excited band up to I = 21/2 is the normal γ -band built on the ground-state band. Above I = 21/2, the yrast and the excited band have different character and are shown 
with different color. Experimental data are taken from Refs. [32,33,22].respectively, cross the one-quasiparticle band at I = 23/2 in both 
nuclei. K = 9/2 band is the normal γ -band based on the three-
quasiparticle conﬁguration having K = 5/2. What is most inter-
esting to note from the ﬁgure is that two almost degenerate 
bands having K = 9/2 and 13/2, originating from the projection 
of three-quasiparticle conﬁguration with energies of 4.23 and 3.89, 
cross the yrast conﬁguration at I = 37/2 and 33/2 for 103Rh and 
105Rh, respectively. It should be noted that the bands depicted in 
Fig. 1 are only projected basis that are used to diagonalize the 
shell model Hamiltonian. In the following, the wavefunctions ob-
tained after diagonalization, shall be analyzed to determine the 
true structure of the observed doublet bands at high-spin.
In the third and ﬁnal stage of the TPSM analysis, the lowest 
projected bands depicted in Fig. 1 and many other projected states 
from the quasiparticle conﬁgurations close to the Fermi surface are 
used to diagonalize the shell model Hamiltonian. For the two nu-
clei studied in the present work, the number of projected bands 
for the diagonalization is about twenty-four. The lowest two bands 
obtained after diagonalization are shown in Fig. 2 with the cor-
responding experimental data. It is quite evident from this ﬁgure 
that TPSM reproduces the experimental data quite well. The ﬁrst 
excited band in the two nuclei up to I = 21/2 is simply the γ -band 
built on the one-quasiparticle ground-state band.
In the experimental work [32,33,22], the two bands above 
I = 21/2 in both nuclei have been claimed to originate from the 
chiral symmetry breaking mechanism. This assertion is based on 
the observation that two three-quasiparticle bands above I = 21/2
are nearly degenerate, in particular, for 105Rh. For the excited 
three-quasiparticle band to be the γ -band built on the parent 
three-quasiparticle conﬁguration, the energy separation between 
the bands should remain almost constant, however, the energy 
separation of the observed bands decrease with spin. The impor-
tant question that needs to be answered is how the doublet-bands 
arise from rotation of three-quasiparticle excitations at high-spin. 
In the following, we shall try to answer this question by investi-
gating the structure of the wavefunctions for the two-bands as a 
function of spin.
The probability of various projected conﬁgurations in the wave-
functions are displayed in Fig. 3 for 103Rh for the lowest two states. 
[The wavefunctions of 105Rh have a similar behavior as those of 
103Rh and are not depicted.] The yrast conﬁguration from I = 9/2Fig. 3. (Color online.) Probability of various projected K -conﬁgurations in the wave-
functions of the yrast and the ﬁrst excited bands for 103Rh.
to 21/2 is predominantly composed of the projected band having 
K = 7/2 with a small admixture from the γ -band with K = 11/2. 
γ -band, on the other hand, has a completely opposite structure 
with K = 11/2 dominating over the K = 7/2 conﬁguration. It is 
evident from Fig. 3 that for I = 23/2 onwards, the partner or the 
side band has no single predominant component and many con-
ﬁgurations contribute almost equally, in particular, for high-spin 
states. This band, therefore, ceases to be a γ -band above I = 23/2. 
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3-quasiparticle bands and B(M1)/B(E2) ratios for 103,105Rh nuclei. The value of κ , 
shown in y-axis, is deﬁned as κ = 32.32A−5/3. Data are taken from Refs. [32,33,22].
The yrast band, although, for medium spin states is dominated by 
K = 5/2, but for higher spin values, strong mixing of various con-
ﬁgurations is clearly noted.
Having established that for high-spin states, three-quasiparticle 
side band is not a γ -band built on the parent K = 5/2 band, 
we shall now explore the possibility that the two bands above 
I = 23/2 originate from the breaking of the chiral symmetry in 
the intrinsic frame of reference. This possibility has been alluded 
to in the experimental analysis of the high-spin band structures 
of the two studied nuclei. To examine the chiral structure of the 
doublet bands, the energies of the two nuclei for the bands are 
presented in Fig. 4 with the B(M1)/B(E2) ratios. The energies of 
the two bands deviate at low-spin, but at high-spin the two bands 
approach each other, in particular, for 105Rh, two bands become 
almost degenerate. The B(M1)/B(E2) ratios, shown in the bottom 
two panels, depict odd–even staggering as expected for doublet 
bands originating from chiral symmetry breaking.
It has been demonstrated using phenomenological models that 
chiral geometry imposes strict selection rules on the wavefunction 
leading to characteristic transition probabilities [1,2]. It is expected 
that the doublet bands should have similar B(E2) and B(M1) tran-
sitions and the phase of the B(M1) inter-band transitions should 
be opposite to that of the in-band transitions. The evaluated B(E2)
and B(M1) transitions are displayed in Figs. 5 and 6 for the two 
nuclei. B(E2) transitions of the two bands in 103Rh depict a stag-
gering pattern, in particular, for the partner band and can be ex-
plained from the conﬁguration mixing as is quite evident from the 
lower panel of Fig. 3. For 105Rh, the B(E2) transitions, shown in 
Fig. 6, although show a smooth behavior for the yrast band, how-
ever, for the partner band, the B(E2) values show a peak at round 
I = 37/2 and are also a factor of 1.5 larger than those for the Fig. 5. (Color online.) The predicted B(E2) and B(M1) transition probabilities for 
103Rh. The measured B(E2) values along with its errors wherever available are 
shown with open circles.
Fig. 6. (Color online.) The predicted B(E2) and B(M1) transition probabilities for 
105Rh.
yrast band. For the two bands to emerge from the chiral symme-
try breaking, it is expected that the B(E2) transitions of the two 
bands are smooth and similar [2]. Furthermore, the recently mea-
222 G.H. Bhat et al. / Physics Letters B 738 (2014) 218–222sured B(E2) transitions for the ﬁrst three transitions in 103Rh also 
depict a staggering pattern.
B(M1) transitions, shown in Figs. 5 and 6, do depict odd–even 
staggering at high-spin and the phase of this staggering for inter-
band is opposite to that of in-band transitions for 105Rh as ex-
pected for the chiral bands. However, for 103Rh, the in-band and 
inter-band B(M1) transitions for the yrast band show almost no 
staggering. Further, it is noted from the ﬁgure that the known 
B(M1) values for the ﬁrst three transitions shows a decreasing 
trend and the theoretical values are almost constant for low-spin 
states. As the error bars are too large in the experimental tran-
sitions, it is diﬃcult to make any concrete assessment. Therefore, 
from the present investigation it is not possible to conclude that 
the observed doublet-bands in 103–105Rh originate from the break-
ing of the chiral symmetry. We would like to add that the special 
selection rules obeyed by electromagnetic transition probabilities 
in the chiral limit are based on predictions of phenomenologi-
cal models and it is not clear how to make this connection in 
a microscopic framework. Using the semi-classical approach of 
particle-rotor model [34], the angular-momentum projection along 
the three axis has been studied and we are presently investigating 
whether a similar approach can be employed in TPSM.
In conclusion, high-spin band structures in 103,105Rh have been 
studied using the triaxial projected shell model approach. In the 
observed data, these nuclei depict normal γ -bands in the low-
spin regime, but for high-spin the yrast and the side bands are 
conjectured to originate from chiral geometry due to their en-
ergy spacings. We have studied the evolution of the two bands 
as a function of spin and it has been demonstrated that for low-
spin, the side band is, indeed, a γ -band, however, for high-spin 
states this band is highly mixed and ceases to be a γ -band. Fur-
ther, it has been shown that, although, the energy-spacing and 
the B(M1)/B(E2) transitions for the observed doublet-bands are 
consistent with those expected from the chiral symmetry breaking 
mechanism, a detailed study of the transition probabilities reveal 
that the B(E2) transitions are different for the two bands and, 
therefore, are not consistent with those expected for the chiral 
bands. It is important to mention that this difference could also arise due to model approximations and, therefore, it is highly de-
sirable to perform the lifetime measurements for the high-spin 
states in 103,105Rh isotopes.
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